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Abstract Imaging has gained a key role in modern glauco-
ma management. Traditionally, interest was directed toward
the appearance of the optic nerve head and the retinal nerve
fiber layer. With the improvement of the resolution of opti-
cal coherence tomography, the ganglion cell complex has
also become routinely accessible in the clinic. Further ad-
vances have been made in understanding the structure-
function relationship in glaucoma. Nevertheless, direct im-
aging of the retinal ganglion cells in glaucoma would be
advantageous. With the currently used techniques, this goal
cannot be achieved, because the transversal resolution is
limited by aberrations of the eye. The use of adaptive optics
has significantly improved transversal resolution, and the
imaging of several cell types including cones and astrocytes
has become possible. Imaging of retinal ganglion cells,
however, still remains a problem, because of the transpar-
ency of these cells. However, the visualization of retinal
ganglion cells and their dendrites has been achieved in
animal models. Furthermore, attempts have been made to
visualize the apoptosis of retinal ganglion cells in vivo.
Implementation of these techniques in clinical practice will
probably improve glaucoma care and facilitate the develop-
ment of neuroprotective strategies.
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Introduction
Glaucoma is a progressive optic neuropathy associated
with characteristic functional (visual field loss) and
structural (optic disc damage) defects. The disease is
associated with the loss of retinal ganglion cells
(RGCs) in the inner retina and of their axons in the
optic nerve head (ONH). Nerve fibers of RGCs pass out
of the eye at the ONH and their loss is associated with
characteristic changes in ONH morphology.
The most important known risk factor for glaucoma is
increased intraocular pressure (IOP). The reduction of IOP
is associated with reduced progression of the disease
(Quigley 2011) as evidenced by several large-scale clinical
trials. The measurement of IOP, however, has little value in
the diagnosis and monitoring of the progression of the
disease, because a significant portion of patients with pri-
mary open angle glaucoma have IOP levels in the normal
range and because many subjects do not develop glaucoma,
despite elevated IOP values (Quigley 2011).
Whereas the reduction of IOP offers, for glaucomatous
optic neuropathy, a treatment option that is not available for
other neurodegenerative diseases, the pathophysiology of
glaucoma remains largely speculative. Theories have been
formulated focusing on various aspects of the disease in-
cluding oxidative stress and mitochondrial dysfunction
(Agudo-Barriuso et al. 2013; Osborne 2010), the immune
system (Gramlich et al. 2013; Tezel 2013), ocular
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biomechanics (Burgoyne 2011; Strouthidis and Girard
2013), vascular factors (Cherecheanu et al. 2013;
Mozaffarieh and Flammer 2013; Resch et al. 2009;
Schmidl et al. 2011) and brain involvement (Engelhorn et
al. 2012; Nucci et al. 2013; Yucel and Gupta 2008). A
unified theory covering all facets of glaucoma has, however,
not yet been presented.
Imaging of the retina and ONH has become increasingly
important in glaucoma management during the last few
years. As compared with neurodegenerative diseases in the
brain, the posterior pole of the eye is more easily accessible
for diagnostic imaging through the clear ocular media.
Recently, our understanding of the structure-function rela-
tionship in glaucoma has also significantly increased (Malik
et al. 2012; Medeiros et al. 2012). Imaging in glaucoma
patients focuses on the ONH, the retinal nerve fiber layer
and the RGC layer. Among these options, the imaging of
RGCs is the most promising approach, because the loss of
RGCs is directly associated with the characteristic
glaucomatous loss of visual field. The present review focus-
es on the current imaging modalities in glaucoma and on
approaches to visualize RGCs in vivo.
Current status of imaging in glaucoma
For a long time, the imaging of the ONH and the retina was
mainly performed by fundus photography or ophthalmosco-
py. Images can be taken stereoscopically and either viewed
through a stereo viewer or on a computer monitor. For
clinical glaucoma management, fundus photographs are pri-
marily used to image the ONH. This allows the clinician to
make a better judgment of the possible structural progres-
sion of the disease. A problem that appears with
photographical methods is that results strongly depend on
the magnification of the image. As such, the most frequently
used parameter used to describe the ONH is the cup/disc
ratio, which compares the diameter of the “cup” of the optic
disc with the total diameter of the optic disc. Given that the
cup/disc ratio is a relative measure, it is independent of the
magnification of the image. Other frequently used parame-
ters are the mean cup/disc diameter ratio, the mean vertical
cup/disc diameter ratio and the ratio of the horizontal-to-
vertical cup-to-disk diameter ratio. The last-mentioned has
the advantage of being independent of the size of the ONH
and of the magnif icat ion of the fundus camera
(Samarawickrama et al. 2012). Attempts have also been
made to grade the nerve fiber layer based on fundus photo-
graphs (Quigley et al. 1993). In clinical routine, however,
this is often difficult, particularily if the quality of the fundus
photographs is not adequate.
Confocal scanning laser ophthalmoscopy has become a
standard tool in imaging the ONH. As its main advantage,
confocal scanning laser ophthalmoscopy allows three-
dimensional imaging of the ONH and the adjacent tissues.
This approach was commercialized as the Heidelberg Retina
Tomograph more than 20 years ago (Heidelberg
Engineering, Heidelberg, Germany). The system uses a
670-nm diode laser to scan the retina and acquires a two-
dimensional topographic reflectance map. The confocal
principle ensures that the depth from which reflected light
reaches the detector is restricted to a narrow range centered
around the focal plane on the posterior eye pole. A detector
measures the intensity of the reflected and back-scattered
light and a three-dimensional image is computed from the
sectional images. With the Heidelberg Retina Tomograph, a
scan depth between 0.5 and 4.0 mm can be chosen thereby
providing an image consisting in 384×384 pixels. The trans-
versal resolution is approximately 10 μm and is limited by
the optics of the eye, whereas the theoretical axial resolution
is 300 μm. Peak-to-peak resolution in the axial plane is,
however, considerably better with values ranging from 50 to
60 μm. The software processes the information into a color-
coded topographic map of the optic nerve. A critical step in
the procedure lies in the drawing of the contour line around
the border of the optic disc. The software automatically
places a reference plane 50 μm below and parallel to the
peripapillary retinal surface, i.e., the optic disk contour line,
which is then used to calculate the thickness and cross-
sectional area of the retinal nerve fiber layer. The software
of the Heidelberg Retina Tomograph calculates structure-
related measurements describing the cup shape, cup area,
cup volume, cup-to-disk ratio, rim area and rim volume. A
parameter that is widely used for detecting glaucoma pro-
gression is the so-called Moorfields Regression Analysis,
which relates the rim area to the area of the excavation
dependent on the position of the contour line. If the calcu-
lated values for each segment of the ONH are within two
standard deviations of a normal data set, data are considered
as normal. As a measure independently of the contour line,
the so-called glaucoma probability score has been intro-
duced. Here, the optic disc and the parapapillary retinal
topography are analyzed and a three-dimensional model is
calculated by using five shape-based measurements includ-
ing cup size, cup depth, rim steepness and vertical and
horizontal parapapillary nerve fiber layer curvatures. The
glaucoma probability score is then estimated as the proba-
bility that the model shows structural differences from the
normal structure of the ONH, again compared with a normal
database. Numerous studies have been performed in order to
evaluate the sensitivity and specificity of this technique to
detect glaucoma (Andersson et al. 2011; Jindal et al. 2010;
Kilintzis et al. 2011; Strouthidis et al. 2010).
Scanning laser polarimetry measures the phase shift of
polarized laser light as it passes through the retinal nerve
fiber layer (Da Pozzo et al. 2009). The system was
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commercialized more than 20 years ago (GDx; Carl Zeiss
Meditec, Dublin, Calif., US). The technology was the first to
provide a quantitative measurement of the retinal nerve fiber
layer. In the earlier version of the system, imaging artifacts
attributable to corneal birefringence were a common prob-
lem but have since been overcome to a large degree by the
introduction of a variable corneal polarization compensator
(GDxVCC). A remaining problem is, however, that atypical
retardation patterns caused by penetration of light into the
sclera can be found in a subtype of glaucoma patients
(Gotzinger et al. 2008).
Optical coherence tomography (OCT) is a technique that
was introduced in the early 1990s and generates images by
measuring the echo time delay of the light reflected and
back-scattered from ocular tissues (Drexler and Fujimoto
2008). Originally, time-domain detection was used in OCT
and the measurement of the time delay was achieved by
moving a mirror in a Michelson interferometer. With the
introduction of Fourier domain OCT, a significant improve-
ment in sensitivity and acquisition speed was achieved,
because an entire A-scan could be obtained simultaneously
rather than sequentially.
This method has allowed the imaging of the ONH and the
retinal nerve fiber layer with unprecedented resolution, re-
producibility and sensitivity (Sakata et al. 2009). Recently,
the possibility of extracting the thickness of the ganglion
cell layer has been explored (Fig. 1). Originally, the focus
was directed toward automatic measurement of the com-
bined thickness of the retinal nerve fiber layer thickness,
ganglion cell layer thickness and the inner plexiform layer
thickness (Kim et al. 2010). The summed thickness of these
three layers is usually termed the ganglion cell complex.
More recently, the combined measurement of the thickness
of the ganglion cell layer and the inner plexiform layer has
been evaluated and proven to be useful in discriminating
between healthy and glaucomatous eyes (Mwanza et al.
2012; Takayama et al. 2012).
Interestingly, OCT can be combined with other principles
to allow for the extraction not only of structural but also of
functional data. Many different approaches for functional
OCT have been successfully used (Drexler and Fujimoto
2008). In the context of this review, polarization-sensitive
OCT is of major interest, because it allows the measurement
of the birefringence of the retinal nerve fiber layer (Pircher
et al. 2011). Indeed, polarization-sensitive OCT maps might
be an attractive approach for early glaucoma detection,
based on their ability to quantify the density of ganglion
cell axons and their microtubules (Gotzinger et al. 2008).
Another interesting approach might be to quantify retinal
blood flow, which supplies RGCs with oxygen and nutri-
ents. Recently, significant advances have been made in
measuring retinal blood flow based on Doppler OCT
(Baumann et al. 2011; Werkmeister et al. 2008, 2012a,
2012b). Other extensions of OCT techniques such as adap-
tive optics OCT will be discussed later in this review.
The importance of imaging in glaucoma might even
increase with an enhanced understanding of the structure-
function relationship. One of the key problems is that clin-
ical measurements of both structure and function show a
wide variability, making judgments on the degree of
glaucomatous damage difficult. The combination of struc-
tural and functional data is therefore an attractive approach
in order to improve decision making. Although glaucoma is
agreed to be associated with both progressive loss of visual
field and proceeding morphological changes, these changes
are not necessarily detected simultaneously in an individual
patient. When comparing structural and functional parame-
ters, one has to consider that visual field sensitivity is
usually reported in a logarithmic scale making direct com-
parison with structural data difficult (Malik et al. 2012).
When perimetric sensitivity is expressed in linear units, a
linear relationship is seen between RGC density and
perimetric sensitivity (Schlottmann et al. 2004). When small
areas of the retina are stimulated, as occurs in perimetry, the
area of retina stimulated and the visual sensitivity are line-
arly related, a principle that is usually referred to as Ricco’s
law. Clinical studies have provided evidence that the struc-
tural damage in glaucoma precedes the functional change, a
condition that has been termed pre-perimetric glaucoma.
The idea of this concept is that the eye has a functional
reserve whereby early structural damage does not directly
lead to functional damage. This hypothesis is mainly based
on the observation that, in early stages of the disease, the
structural damage predominates, whereas in the later stages,
functional damage predominates. This, however, only holds
true if visual field sensitivity is measured on a logarithmic
Fig. 1 Optical coherence
tomography (OCT) image of a
human retina as obtained with a
standard OCT system. Note the
clear delineation of the major
retinal layers including the
RGC layer complex. Image




Cell Tissue Res (2013) 353:261–268 263
scale. When both visual fields and structural data are reported
in a linear scale, it becomes evident that both structure and
function are lost in parallel in glaucoma (Garway-Heath et al.
2000, 2002). In clinical pratice, however, either functional or
structural damage can be detected earlier depending on the
reproducibility and sensitivity of data for a given individual.
When interpreting data from current techniques in studies of
retinal nerve fiber layers, one needs to consider that such data
also include non-neuronal elements such as glial tissues and
blood vessels. This means that, even if the visual field is
completely lost, retinal nerve fiber layer thickness will not
decline to zero. Therefore, in the next few years, combined
structural and functional data will probably become available
for monitoring glaucoma in clinical practice (Bizios et al.
2011). A recent study has indicated that the relationship
between structure as assessed by a scanning laser ophthalmo-
scope and function as assessed by flicker-defined form
perimetry and frequency-doubling technology perimetry is
even stronger than with standard automated perimetry
(Lamparter et al. 2012).
The retinal ganglion cell
The RGCs are a heterogeneous population of postmitotic
neurons. In the mouse retina, they comprise approximately
1% of all cells (Young 1985). The RGCs receive an input
signal from bipolar and amacrine cells. Various subtypes of
RGCs exist in the mammalian retina but the number of
functional types remains unknown (Masland 2012). For
imaging purposes, we need to differentiate between midget
and parasol RGCs, which anatomically can easily be differ-
entiated. The ON and OFF types of these cells can be
classified, because they are located in different layers of
the retina. RGCs are evenly spaced with respect to other
cells of the same type, but not to other retinal cell types,
even if they receive input from these cells.
The axons of the RGCs have an average length of approx-
imately 50 mm with axonal bundles being separated by glial
cells. The RGC axons become myelinated with oligodendro-
cytes behind the lamina cribrosa and form synapses with cells
mostly in the lateral geniculate nucleus but also in the
dienecephalic centers and the superior culliculus. RGCs show
a high metabolic turnover associated with dendritic summation
and action potential generation, partially explaining their vul-
nerability and dependence on adequate mitochondrial function.
RGCs respond to illumination based on the so-called re-
ceptive field, which usually measures approximately 1 mm in
diameter (Mariani 1989). Hence, a single RGC receives input
from many photoreceptors and from many inner nuclear layer
neurons. Adjacent RGCs have overlapping receptive fields
and obtain input from slightly different parts of the visual
field. Whereas some sub-types of RGCs receive their input
primarily from bipolar cells, others receive input primarily
from amacrine cells.
In glaucoma, RGCs might die not only because of axonal
degradation but also because of the activation of glial cells and
the oxidative stress of immunological processes (Munemasa
and Kitaoka 2012). The relative importance of these mecha-
nisms is unknown. A large body of experimental evidence has
shown that, in glaucoma, RGCs die by apoptosis.
Interestingly, in animal models, experimental IOP elevation
has been observed to activate both pro- and anti-apoptotic
pathways. Before RGCs become apoptotic, their dendrites
undergo significant morphological alterations (Liu et al.
2011). Several primate studies have shown that changes in
the dendritic field, such as thinning, reduction of dendritic
process diameter at branching points and alterations on the
dendritic tree, also precede the loss of neurons in the lateral
geniculate nucleus (Gupta et al. 2007; Weber et al. 1998). The
mechanisms underlying dendritic degeneration prior to cell
death are unclear but might be related to reduced axoplasmic
transport (Agudo-Barriuso et al. 2013). This is compatible
with the idea that increased IOP affects the retrograde trans-
port of metabolic products and organelles because of axonal
damage at the level of the lamina cribrosa (Quigley et al. 2000;
Salinas-Navarro et al. 2010).
Approaches to imaging RGCs
The quality of in vivo images that can be achieved by various
imaging devices is limited by the optical aberrations of the
eye, which occur mainly at the level of the cornea and the lens.
Using adaptive optics, one aims to correct these aberrations in
real time to obtain a resolution that is almost diffraction-
limited. To do so, the aberrations of the eye need to be
measured by using a wavefront sensor and subsequently com-
pensated by using a wavefront corrector. Usually, a Shack–
Hartmann wavefront sensor is used in conjunction with a
deformable mirror employed as a wavefront corrector. The
transverse resolution of current adaptive optics systems is
approximately 2 μm (Rossi et al. 2011). The retinal cells that
are most easily accessible are cones, because they function as
waveguides thereby collecting light. Imaging the inner retina
is more challenging, because of the transparent nature of these
layers. Nerve fiber bundles, however, can be relatively easy
imaged, because they are highly reflective.
Reflectance imaging with adaptive optics also allows for
the imaging of other cell types, such as astrocytes or pericytes.
Imaging of RGCs remains extremely difficult, most impor-
tantly because they are almost transparent and therefore invis-
ible in optical systems. In animal models, contrast agents can
be used to improve the visualization of RGCs as described in
the next paragraph but these techniques are not feasible in
humans. In the outer retina, light has been recognized as toxic
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Fig. 2 In vivo fluorescence
images of a ganglion cell
expressing fluorescence protein
obtained by using an adaptive
optics confocal laser scanning
instrument. a–c Images
obtained from three focal
planes. d Maximum intensity
projection image generated
from five separate focal planes.
Bar 20 μm. Adapted with
permission from Biomed Opt
Express (Geng et al. 2012)
Fig. 3 Adaptive optics-optical
coherence tomography
(AO-OCT) image of a human
retina in vivo acquired over
a 1° retinal region. The images
right are en face views of the
particular retinal layers. Retinal
layers from top to bottom are:
nerve fiber layer (NFL),
ganglion cell layer (GCL),
outer plexiform layer (OPL)
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and is absorbed by photosensitizers and chromophores. In
the inner retina, much less light is absorbed. In the RGCs,
several components might however absorb light, particu-
larly in the mitochondria, including complex IV or cyto-
chrome c oxidase, cyto-chrome P450 and flavin proteins
that include complex I, complex II and apoptosis-inducing
factors (del Olmo-Aguado et al. 2012). Nevertheless, the
direct imaging of RGCs in humans in vivo has not yet
been achieved by using adaptive optics.
In the mouse eye, higher resolution has indeed been achieved
by using adaptive optics. This has been realized with a confocal
scanning adaptive optics instrument employing a wavefront
sensor operating on back-scattered light (Geng et al. 2012). In
these experiments, RGCs were fluorescently labeled with yellow
fluorescence protein either in a transgenic mouse line that ex-
presses yellow fluorescence protein in a small subset of RGCs or
in adult C57BL/6 J mice via transduction from a retrograde viral
vector (Geng et al. 2012). Figure 2 shows a ganglion cell imaged
at three different focuses with three focus steps as presented by
Geng et al. 2012. The three focal planes have a distance of
11.6 μm each. At the innermost focus shown in Fig. 2a, two
axons are in sharp focus together with the cell body. At the
intermediate focus (Fig. 2b), the proximal dendrites of the cell
start to come into focus. At the outermost focus, the dendritic
field is sharply in focus and clearly visible (Fig. 2c). Figure 2d
finally shows a maximum intensity projection image generated
from several focus images.
A problem in conventional OCT is that the lateral resolu-
tion is worse than the axial resolution, because it is limited by
the optical system of the eye. Recently, a combination of OCT
with the principles of adaptive optics has improved the reso-
lution to levels of 3×3×3 μm3 (Miller et al. 2011). The
implementation of adaptive optics into an OCT system has
several advantages including increased lateral resolution, re-
duced speckle size and increased sensitivity to weakly scat-
tering structures. The major drawback lies in the increased
system complexity and the higher costs of such systems.
Adaptive optics OCTsystems have been used to study various
structures at the posterior pole of the eye. This includes the
imaging of the retinal microvasculature including the capil-
laries adjacent to the foveal avascular zone, microstructures
within Henle’s fiber layer, the three-dimensional photorecep-
tor mosaic and the retinal pigment epithelium.
For glaucoma, adaptive optics OCT might offer several
interesting tools including high resolution imaging of the lam-
ina cribrosa and microstructures within the ganglion cell layer.
Figure 3 shows an example of a retinal image that can be
achieved by using adaptive optics OCTwithin a given volume
of retinal tissue (Miller et al. 2011). For acquiring the images,
the focus is systematically shifted through different depths.
Extracted en face slices (from top to bottom) of individual
retinal nerve fiver bundles, microstructures in the ganglion
cell layer, retinal capillaries and outer segments of cone
photoreceptors are shown. Figure 3 makes it clear that combin-
ing adaptive optics with OCT might also be a promising
approach for studying the cross-sectional profile of individual
nerve fiber bundles. Interestingly, by using this technique,
individual nerve fiber bundles can be identified in such images
(Kocaoglu et al. 2011), even in repeated sessions, making this
approach attractive for studying glaucoma progression. Further
improvements in image quality might be possible by using
high-speed cameras.
Another promising approach lies in the detection of
apoptosing retinal cells (DARC; Cordeiro et al. 2011).
Fluorescently labeled annexin V is used in combination with
conventional ophthalmoscopy to visualize the apoptosis of
RGCs. DARC enables the longitudinal observation of
glaucomatous RGC death in animal models of glaucoma.
Currently, however, this imaging approach is restricted to
experimental animals. The use of this technology in humans
includes several challenges including safety, invasiveness,
sensitivity and specificity (Cordeiro et al. 2011). In addition,
the number of RGCs that are undergoing apoptosis at a certain
period of time in the healthy versus the glaucomatous eye is
unknown, which makes the interpretation of the results diffi-
cult. Nevertheless, the method has significant potential in
monitoring the disease process in glaucoma.
Conclusions and future directions
Imaging has tremendously improved in ophthalmology over
the last few years. In clinical routine, OCT has started its
triumphant advance in the management of glaucoma, as it
has in many other eye diseases. Several promising ap-
proaches have recently been introduced including functional
OCT, adaptive optics and its combination with OCT and
DARC. With these techniques, we are coming closer to the
aim of visualizing RGCs, their function, their metabolism
and potentially their death in vivo. This is associated with
the hope of improved glaucoma care and tools for evaluat-
ing neuroprotective strategies in glaucoma.
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